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Abstract 
The paper presents selected test results obtained during construction of multi-layer soil embankments. It also provides the 
analysis of a new geotechnical approach, used for construction of non-typical soil embankments, which takes into account the 
effect of additional compaction of individual layers. The tests were conducted in in-situ conditions. The testing area constituted 
a foundation for a large industrial object, i.e. a clinker storage silo of storage capacity of 200 000 tons. The obtained results allow 
for the assessment of the influence of compaction of the higher layers on the increased soil compaction of the lower layers. 
 
© 2016The Authors. Published by Elsevier B.V.. 
Peer-review under responsibility of Road and Bridge Research Institute (IBDiM). 
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1. Introduction 
In construction of earth embankments, in particular road embankments with significant thickness, an engineering 
challenge is an optimal way to achieve the target values of geotechnical parameters of embankment Kumor L. 
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(2014), Kumor M.K. et al. (2013). The main geotechnical issues that are essential in rational construction of earth 
embankment apply usually to the following factors: 
x choice of the appropriate fill material, 
x determination of the required values of parameters that would allow for a safe work of the earth structure in terms 
of its stability and deformability, 
x construction of the earth structure in accordance with engineering code of practice, 
x in-situ control of the achieved geotechnical parameters in regard to the design values. 
Technology of construction of the multi-layer earth embankments that is used commonly involves meeting some 
basic technical requirements: 
x thickness of each layer should be adjusted to equipment capabilities that would enable achievement of the design 
parameters,  
x successive layers should be built in only when the design values of mechanical parameters of the previous layer 
have been achieved. 
The aforementioned rules lead to a conclusion that every consecutive layer of embankment can only be built in 
when the final values of parameters of the compacted layer have been achieved. This method requires longer 
construction period and frequently leads to many uncertainties in terms of determination of quality requirement, 
which result from the secondary distribution of loosening of the compacted layer. Conducted analytical and field 
analyses indicate that compaction of the lower layers of backfill increases successively during formation of the 
upper layers, Kumor L. (2014), Kumor M.K. et al. (2013). As a result, the final effect of compaction of the entire 
compaction, should consider the impact of additional compaction of every layer that is underneath. Field tests, 
Kumor L. (2014) confirm that such processes of additional compaction actually take place. In the case of 
construction of embankments from mineral aggregate, the following statement is correct, there is no geotechnical 
need for compaction of each newly built-in layer of material, in order to achieve the full value of the designed 
compaction level, since each successive layer generates the compaction effect in the previously built-in layer of 
backfill (bottom of the layer). 
2. Characteristics of the testing area  
The tests were conducted in the earth embankment formed as a base for a planned industrial object, a clinker 
storage silo of storage capacity of 200 thousand tons, which was realized on the premises of a cement factory. A pit 
for the silo foundations was formed as a result of demolition of the old foundations of the rotary stoves to the level 
of the virgin soil. The demolition work resulted in the creation of the pit in the spot intended for the construction of 
the silo. The excavation reached depth of 9 meters below the surface of the plot, and was intended for filling. The 
earth embankment, which constituted the foundation of the projected silo, was then constructed in the pit. According 
to the project, the silo was cylindrical with a diameter of about D = 70 m and the height of H = 37 m. The 
foundation of the silo was designed on drilling pales from the embankment -1.0 m below the surface. The 
foundation plate of the silo was designed with the monolithic reinforced concrete technology, placed directly on the 
earth embankment. Simultaneously, the embankment constituted a full-sized testing area. Geometrical dimensions 
of the pit (fig. 1) of the projected embankment were: 
 
x diameter D ≈ 80.0 m, 
x depth/height H1 = -10.0 m, H2 = -4.0 m, 
x volume V = 26 500 m3. 
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Fig. 1. View of the testing area in the direction of the maximum depth of the pit. 
3. Methodology and test plan  
3.1. Fill material  
Basic criteria used in the choice of the fill material include: 
x grain-size properties (?) of the aggregate – Cu i Cc parameters, 
x quality of the aggregate and immutability of its grain size – ρds parameter, 
x continuous supply of the aggregate of constant moisture content – wn ≈ wopt parameter,  
x standard field and laboratory methods of controlling compaction levels of the material, 
x possibility to use indirect verifying field methods in addition to direct laboratory methods, 
x place and depth of building in the aggregate – the matter of soil frost during the construction works, 
x conditions of aggregate work within the embankment – durability and resistance to chemical corrosion, 
x availability of the aggregate – technological capabilities of the producer, 
x efficient technology of construction of the earth embankment – type of compaction equipment, 
x economic/financial criteria – essential for the investor. 
Out of all the gravel pits available in the vicinity of the testing area, natural soils chosen for laboratory tests came 
from 6 commercial pits. Due to the proximity of the aggregate factory “Kruszywa Wapienno”, “artificial” material 
was also used for the tests. Soil 8, uunsorted calcareous aggregate (II), was chosen as the fill material for the 
construction of the embankment. The parameters of the analyzed materials are presented in Table 1.  
Table 1. Laboratory test results of the analyzed fill materials. 
No. Trade name of the material Characteristic physical parameters of the investigated materials 
CU CC k10 d10 d30 d60 ρds wopt 
[-] [-] 10–4m/s mm mm mm t/m3 % 
1 Wojdal VII 3.22 1.24 0.25 0.18 0.36 0.58 1.787 4.95 
2 Wojdal VIII 2.65 1.33 0.29 0.19 0.36 0.51 1.785 4.93 
3 Wojdal X 2.30 1.57 0.39 0.22 0.43 0.52 1.701 4.90 
4 Smogorzewo 2.57 0.40 0.02 0.07 0.07 0.18 1.603 9.81 
5 Łabiszyn I 2.71 0.96 20.5 1.60 2.10 4.10 1.872 4.23 
6 Łabiszyn II 2.71 0.96 0.77 0.31 0.50 0.84 1.872 4.23 
7 Unsorted calcareous aggregate (I) 62.1 1.20 5.7 0.22 1.89 13.8 1.884 4.56 
8 Unsorted calcareous aggregate (II) 21.6 1.30 28 0.48 2.57 10.5 1.949 6.17 
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3.2. Technology of construction of earth embankment  
Based on boundary conditions and technical principles of embankment formation, the following principles for 
construction of the earth structure were adapted, Kumor L. (2014): 
 
x layered construction of the embankment, with thickness of the individual layers h=0.3 m, 
x fill material fraction 0–31.5 mm – unsorted calcareous aggregate (II), 
x mechanical compaction with a 10 ton smooth drum roller, the same number of passes for each layer – single 
technology of compaction, 
x verification of the mechanical parameters in each layer, 1 test per 500 m2, 
x acceptance mechanical parameters were E1≥60 MPa i E2≥120 MPa for I0≤2.5 when Is≥1.0, 
x testing of compaction index with indirect field methods and direct field methods in addition to/confronted with 
direct laboratory methods, 
x possibility to apply a “sandwich” type layer-by-layer method for the embankment construction, on the 
assumption that required parameters on the compacted layer are not achieved – the assumption that each 
subsequent layer will increase compaction of the lower layer to required parameters values, 
x analysis of the changes in compaction of the mechanical parameters of the roof of the fill layer caused by one and 
two overlaying layers. 
In order to determine the technology of compaction, trial in-situ tests with HMP-LFG dynamic plate had been 
conducted before implementation of the embankment construction. Based on the tests, technology no. II, was chosen 
to implement the task – see: table 2, fig. 2. 
Table 2. Tests of the changes in compaction by the type and number of passes of the 10 ton roller.  
Technology No. Number of passes Evd E1 E2 I0 Is 
[n] [MPa] [MPa] [MPa] [-] [-] 
I 6 57.40 40.91 140.63 3.44 <1.0 
II 4 61.14 52.22 140.63 2.69 ≈1.0 
III 8 42.21 36.89 93.75 2.54 <1.0 
 
 
Fig. 2. Increase in dynamic modulus, depending on depending on the number of passes of the roller. 
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4. Results and analysis of the field tests  
4.1. In situ tests of compaction of layers  
Given the irregular shape and spatial dimension of the constructed earth embankment (fig. 1 and 2), it was 
divided into XXIX fill layers of h = 30 cm in thickness each. Different technologies and three stages of compaction, 
Kumor L. (2014), were adopted for construction of the embankment (table 2, fig. 2):  
x STAGE I  from the bottom of the embankment, i.e. -9.30 m/+0.00 m deep, up to -3.90 m/+5.40 m deep, fill 
layers no. I to XVIII, with technology no. II of compaction, table 2, with the retrograde supervision over the 
values of parameters of each preceding fill layer, 
x STAGE II  from the level of -3.90 m/+5.40 m to -1.50 m/+7.80 m deep, fill layers no. XIX to XXVI, with use of 
the modified no. II technology of compaction, i.e. including transverse passes of the roller and retrograde control 
of the geotechnical parameters for each (one) lower undercoat layer, 
x STAGE III  from the level of -1.50 m/+5.40 m to -0.60 m/+8.70 m deep, fill layers XXVII to XXIX, compacted 
with technology no. II, i.e. including transverse passes of the roller and retrograde control of the geotechnical 
parameters of compaction, up to two lower undercoat layers, fig. 3. 
Among others, E1 and E2 static moduli of each fill layer of the aggregate were tested, with the use of VSS tests, 
fig. 4a i 4b.  
 
Fig. 3. Cross section of the embankment with indication of the successive layers and stages of construction I to II. 
a     b  
Fig. 4 (a). Tested fill layers of the embankment – stage III; 4 (b). Preparations for the tests of compaction level of the layer XXVII, level -0.60 m. 
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A total of 356 field tests were conducted with the VSS static plate, 1561 tests with the dynamic plate, fig. 4. as 
well as with CPT static penetrometers, DPH dynamic probe, and with Proctor compaction testing., Kumor L. (2014), 
Kumor M.K. et al. (2013). Conducted testing was divided into three stages, which was caused by the irregular shape 
of the testing area. Table 3 below presents sample field tests results. 
Table 3. Sample test results of changes in mechanical parameters. 
No. Layer No. Layer 
level/dept 
Initial test results Test results after compaction (of the next layer) 
h E1 E2 I0 EVD E1 E2 I0 EVD 
[m] [MPa] [MPa] [-] [MPa] [MPa] [MPa] [-] [MPa] 
1 XIX 5.70/-3.60 36.29 187.5 5.17 77.67 60.81 204.6 3.36 44.33 
2 XX 6.00/-3.30 23.68 173.1 7.31 47.07 75.00 204.6 2.73 57.30 
3 XXI 6.30/-3.00 30.41 112.5 3.70 41.10 75.00 150.0 2.00 74.10 
4 XXII 6.60/-2.70 30.41 112.5 3.70 42.87 77.59 173.1 2.23 83.02 
4.2.  Statistical analysis of the results 
The results of in situ tests of compaction level were subject to statistical analysis. The analysis included: 
x determining the minimum sample size – nmin, 
x examining the structure of the population (the mean, the variance, and the standard deviation),  
x determining reasonable confidence intervals for the obtained mean values, 
x conducting tests of statistical significance of the means, 
x conducting tests for correlation coefficients  r. 
Moreover, statistical methods were applied to test out the following working hypotheses in order to corroborate 
the existence of potential physical relationships: 
x it was tested whether there exists a statistically significant influence of compaction of the upper layer, 30 cm 
thick, on compaction of two lower fill layers of the soil in the embankment, 
x it was tested whether it is possible to achieve the design values of the parameters of compaction of the lower, 
previously uncompacted, fill layers in the result of construction and compaction of the higher level to the 
assumed numerical value of the parameter.  
Regression analysis was used for assessment of the obtained mathematical relationships, in the form of linear 
regression of changes in numerical value of the bottom fill layer, including the changes in: primary deformation 
modulus E1, secondary deformation modulus E2, and deformation index I0 for the value after additional compaction 
of one overlying fill layer, (fig. 4a to 5). The results of the statistical analysis are briefly discussed in the following 
section.  
4.3. Statistical analysis of changes in values of the primary modulus 
Table 4 summarizes final results of the measurements of values of the primary modulus E1 before compaction of 
the fill layer, and the primary modulus after compaction of the layer ܧଵĄ  with the upper fill layer. Statistical 
parameters that characterize the analyzed variables were calculated. The selected data met the quantitative 
geotechnical requirements for embankment construction: 
x the expected value m – the design value ܧଵ݅ܧଵ′ Ǣ ݉ ൌ ͸Ͳܯܲܽ, (according to Polish Standard), x the value of permissible error of the measurement of the moduli 'E ± 6.0 MPa, 
x confidence level α = 0.95. 
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Table 4. Summary of the results of primary modulus before ଵ and after ଵ′  additional compaction. 
Number 
N0 
Primary modulus [MPa] 
ଵ ଵ′  n0 ଵ ଵ′  n0 ଵ ଵ′  
1 35.16 75.0 12 52.33 107.14 23 35.71 86.54 
2 36.89 60.81 13 21.63 54.88 24 52.33 102.2 
3 53.57 70.31 14 36.29 62.50 25 39.47 70.31 
4 68.18 80.36 15 36.29 60.81 26 47.87 97.83 
5 54.87 80.36 16 23.68 75.00 29 23.44 56.25 
6 47.87 75.00 17 30.41 75.00 28 48.91 77.59 
7 45.92 93.75 18 30.41 77.59 29 59.21 83.33 
8 42.45 90.00 19 21.03 50.00 30 39.47 66.18 
9 22.73 59.21 20 36.89 60.81 31 39.47 64.29 
10 41.67 72.58 21 64.29 90.0 32 28.48 59.21 
11 20.64 70.31 22 36.89 107.14 33 37.50 75.00 
In order to determine the essential minimum sample size nmin, with unknown standard deviation, the following 
equation was applied:  
0
2 2
, 1
min 2
ˆ
nt s
n
d
D    (1) 
where:  
ොଶ – sample variance, 
t  value for α and n0-1 degrees of freedom taken from Student's t-distribution tables, 
d  maximum estimation error. 
For the sample size of n0 = 33, table 4, practically permissible error 'E ± 6.0 MPa was assumed, Kumor L. 
(2014). For the confidence coefficient α = 0.95, the minimum sample size was established following the formula (1): 
x the minimum sample size for the ܧଵvariable – nmin = 18, x the minimum sample size for the ܧଵĄ variable _ nmin = 27. 
What follows is that n0=33 > nmin=18 and n0 = 33 > nmin = 27, which means that the number of conducted in situ 
measurements of the values of primary modulus (the sample size – n) in the compacted fill layers was statistically 
sufficient. Based on the obtained test results, table 3 and 4, as well as the obtained means of the primary moduli ܧଵതതത 
of the fill layer before additional compaction -x, and the primary modulus after additional compaction with one fill 
layer, the confidence interval was calculated and the confidence half-intervals, characterizing the accuracy of the 
parameter estimation, were determined. The value of the confidence interval was calculated following the 
equation (2):  
^ ^
, 1 , 1( ) 1n n
s sP x t m x t
n n
D D D          (2) 
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The confidence half-interval was calculated following the formula (3): 
^
, 1
100%
n
s
t
n
x
DG 

   (3) 
Confidence half-interval, including the condition of the geotechnical safety margin for the mean of the primary 
deformation modulus before additional compaction of the bottom-layer ܧଵതതത, should meet the condition (4): 
136.08[ ] 43.52[ ]MPa E MPa    (4) 
The value of the confidence half-interval determined for the mean of the primary deformation modulus of the fill 
layer before additional compaction ܧଵതതത equals . The value at the level of the calculated mean 
of the primary modulus before additional compaction ܧଵതതത is sufficient, both from the geotechnical point of view, 
Kumor L. (2014), Kumor M.K. et al. (2013), and according to the statistical requirements in the analyzed issue of 
additional compaction of the Sandwich-type embankments. The confidence interval of the mean of the primary 
deformation modulus ܧଵ′തതത after compaction with the fill layer should meet the condition: 
'
170.49[ ] 79.51[ ]MPa E MPa   (5) 
In the case of the analyzed embankment the condition of practical achievement of the required quality of 
compaction of the embankment, i.e. reference to the value required in practice E0, and (of) the means of the primary 
moduli before ଵതതത, and after ଵᇱതതത additional compaction, ensure meeting the minimal geotechnical assumptions and 
achievement of the expected compaction of the embankment. 
4.4. Change in compaction parameters values  
Figures 5 to 7 below present the test results after the statistical analysis. Regression analysis was used, in the 
form of linear regression of changes in numerical values of the bottom fill layer – primary deformation modulus E1 
and secondary deformation modulus E2, and deformation index I0 after compaction of the bottom layer with one 
overlying fill layer. The changes in the numerical value of the primary deformation moduli ܧଵĄ ൌ ܧଵĄሺܧଵሻ are 
graphically demonstrated on a scatter plot, fig. 5. This function can be represented in the form of the equation: 
1
'
1 10.70 46.92  EE E s  r                         (6) 
where: 
ݏாభ  – estimation error of the primary modulus.  
In order to precisely determine the expected value – the minimum value that is indispensible in in situ conditions 
to assess the quality of the earth embankment – estimation error of the regression function ݏாభ . The calculated value 
of the estimation error equals ݏሺܧଵᇱሻ ൌ ͳʹܯܲܽ. Therefore, the equation (6) takes the form: 
 '1 10.70 46.92 1 2 E E MPa  r                         (7) 
Estimation error of the primary modulus ݏሺܧଵᇱሻ ൌ ͳʹܯܲܽ of the layer will have a negative value in practical use, 
i.e. it defines the least beneficial (safe) expected value of the modulus that needs to be achieved during compaction 
of the lower layer, Kumor L. (2014), Kumor M.K. et al. (2013). From the equation (7) it is possible to calculate the 
%8,9 G %8,9 G
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minimum value of the primary modulus of the bottom-layer ܧଵǡ௠௜௡ . According to the equation (7), and including the 
estimation error, the minimum value of the primary modulus was: 
> @1, 31.14minE MPa    (8) 
 
Fig. 5. Changes in primary deformation modulus E1, after compaction with one fill layer. 
The obtained minimum value of the primary modulus of the bottom-layer – ܧଵǡ௠௜௡= 31.14 [MPa], ensures 
achievement of the design value ܧଵᇱ ൐ ͸Ͳሾܯܲܽሿ  for each build-in layer of the embankment after additional 
compaction with the successive layer of 30cm in thickness. 
Fig. 6 below, demonstrates the analogically obtained, Kumor L. (2014), formalized form of linear regression of 
changes in the numerical value of the secondary deformation modulus of the bottom-layer – E2, after additional 
compaction with one fill layer.  
 
Fig. 6. Changes in secondary deformation modulus E2, after compaction with one fill layer. 
The determined minimum value of the secondary modulus of the bottom-layer – ܧଶǡ௠௜௡  = 63.37 [MPa], ensures 
achievement of the geotechnically expected design value of the bottom-layer ܧଶĄ ൐ ͳʹͲሾܯܲܽሿ after additional 
compaction with the successive layer of 30cm in thickness. 
Fig. 7 presents the analogically determined, formalized form of linear regression of the changes in the numerical 
value of deformation index of the layer– Io, after compaction with one overlying fill layer. The obtained minimum 
value of compaction index of the bottom-layer, ܫ݋௠௜௡  = 4.01, ensures achievement of the geotechnically expected 
E1'= 0,7058 E1 + 46,927 (±12 MPa)
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design value I0,proj = 2.5; in the bottom-layer – ܫ଴Ą ൑ ʹǤͷǢ after additional compaction with the successive layer of 
30 cm in thickness. 
 
Fig. 7. Changes in deformation index Io, after compaction with one fill layer. 
Generalizing the obtained correlations for the actual object it has to be stated that the applied method of 
additional compaction of the fill layers of the large embankment exhibited practical utility. This method allows for 
a reasonable construction of the multilayer earth embankments, using the going observations, and applying the 
results not only to the valid geotechnical controlling, according to the recommendations of Eurocode 7.  
5. Concluding remarks  
Based on real-size field tests and subsequent analyses, the following geotechnical conclusions were formulated: 
x compacting of deeper layers of earth embankment increases along with construction of consecutively formed 
layers of fills, regardless of the type of roller applied, 
x reaching of the required final effect of compaction of the entire structure of embankment, should consider the 
effect of additional compaction of each lower layer in both design and construction, 
x for practical reasons, the most important is influence of one 30-cm thick overlaying fill layer on compaction of 
the lower layer (bottom layer),  
x in terms of statistics, there is a significant influence of compaction of the upper layer, 30-cm thick, on 
compaction of at least the two lower fill layers of the soil in the embankment,  
x construction of tall multi-layer embankments in technology of compaction of the bottom layer with another fill 
layer of the aggregate with the use of dynamic rollers is geotechnically justified and beneficial, 
x aggregate compaction of the bottom layer of the embankment to the parameters: E1,min≥31.14 MPa, E2,min≥63.37 
MPa and I0,min ≤ 4.0, after compaction with the first overlying fill layer allowed for achieving in a safe way 
geotechnical parameters, which were required in practice, i.e. E1 ≥ 60.0 MPa, E2 ≥ 120.0 MPa and I0≤ 2.5, i.e. 
Is=1.0, 
x it is possible to rationally construct multi-layer earth embankments without the necessity of compaction of each 
separate fill layer to 100% of design compaction, in view of additional compaction of the bottom layer with 
another built-in fill layer, regardless of aggregate used. 
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